Abstract Huntington's disease is an autosomal dominant disorder caused by a mutation in the gene encoding the protein huntingtin on chromosome 4. The mutation is an expanded CAG repeat in the first exon, encoding a polyglutamine tract. If the polyglutamine tract is >40, penetrance is 100% and death is inevitable. Despite the widespread expression of huntingtin, HD has long been considered primarily as a disease of the striatum. It is characterized by selective vulnerability with dysfunction followed by death of the medium size spiny neuron. Considerable effort is being expended to determine whether striatal damage is cell-autonomous, non-cell-autonomous, requiring cell-cell and region to region communication, or both. We review data supporting both mechanisms. We also attempt to organize the data into common mechanisms that may arise outside the medium, spiny neuron, but ultimately have their greatest impact in the striatum. characterized by selective, or perhaps better described as differential [2], vulnerability with degeneration and death of the medium spiny neuron (MSN). The Gamma-aminobutyric acid (GABA)ergic MSN represents 95% of striatal neurons. They are all output neurons, with extensive intra-striatal connections with other MSNs and striatal interneurons. For the last two decades, increased attention has been paid to the pathology in the cortex (particularly in layers V and VI [3]), which contains the corticostriatal projection neurons.
Although RASD2-null mice exist, the impact on phenotype of a cross with HD models remains to be determined [11, 12] .
The absence of protein localization to explain neuronal subtype-specific polyglutamine toxicity has led to a conundrum in the study of polyQ diseases, and non-polyQ neurodegenerative diseases as well (e.g., amyotrophic lateral sclerosis). For all of these, evidence of non-cell-autonomous mechanisms of disease is steadily increasing [13, 14] . Does the mutation in huntingtin act cell-autonomously to cause dysfunction and degeneration of MSNs, or does the mutation require non-cell-autonomous pathogenic cell-cell communication via cortical neurons and non-neuronal cells to induce MSN death? For HD, the pendulum has swung markedly since discovery of the gene, all the way to the notion that dysfunction in the striatum absolutely requires cell-cell interactions, particularly with the cortical projection neurons, and it cannot arise from expression of polyQ-htt in MSNs alone [13, [15] [16] [17] . Answers to the questions regarding the contribution of cell types and regions to each pathophysiologic mechanism are required for the development of targeted therapy. In actuality, there is strong evidence to support both cell-autonomous and non-cell-autonomous mechanisms and interactions of many cell types, combining to create MSN dysfunction and death.
What is Unique about the MSN?
Among neuronal subtypes, the MSN receives the most massive combination of glutamatergic input (from the cortex) and dopaminergic input (from the substantia nigra pars compacta). Hypothetically, therefore, the combined dopaminergic and glutamatergic input may result in the preferential vulnerability of MSNs to the toxicity of polyQ-htt, but the convergence, of course, does not identify specific pathophysiologic mechanisms. Although morphologically similar, there are 2 classes of MSNs, divided into direct and indirect pathways. MSNs in the direct pathway project to the dopaminergic neurons of the substantia nigra pars compacta and express dopamine D1 receptors and dynorphin. MSNs in the indirect pathway project to the globus pallidus and express dopamine D2 receptors and enkephalin. More than 95 % of MSNs express dopamine and cyclic AMP-regulated protein (32 kDa, also known as DARPP-32) [18] . In HD, MSNs in the indirect pathway are relatively more vulnerable than those in the direct pathway, and were believed to be the first to be dysfunctional. Recent data surprisingly indicate that the MSNs originating the direct pathway are dysfunctional much earlier in the course of HD than previously described [19] . It remains an enigma as to whether there is something unique about the MSN that increases its vulnerability, or something that is lacking, which is neuroprotective in other neurons [1] .
In vitro cell-type specific and in vivo regional "models" of HD serve to identify and distinguish between contributions of cell-autonomous and non-cell-autonomous mechanisms to abnormalities of the MSN. Cell-based systems include: 1) non-striatal neuronal-like cell lines, particularly PC12, expressing htt with various length polyQ expansions [20] ; 2) immortalized striatal-like cell lines with pathogenic htt polyQ expansions [21, 22] ; and 3) immortalized striatal-like cells derived from polyQ-htt knock-in mice [23] . In vivo models include (Table 1) : 1) targeted intrastriatal injections of adenovirus or lentivirus expressing polyQ-htt [24] ; and 2) genetically modified mice, using either a cell specific promoter directing expression of polyQ-htt [25] , or ROSA26 or BACHD mice combined with cre/lox technology to regulate region-specific expression [15, 16, 26] . In the D9-N171-98Q mouse, we targeted expression of a polyQ-htt fragment (N171-98Q), restricted, within the forebrain, to striatal MSNs via 9Kb of ppp1r1b genomic elements (also known as D9) [25] . In the latter models, region-specific expression of Cre recombinase is used to either "turn on" an exon 1 fragment in the Rosa26 locus, or "turn off" a ubiquitously expressed BAC-97Q transgene containing loxP sites. To date, the majority of the studies addressing the question of cell-autonomous and non-cell-autonomous mechanisms of disease in HD have been largely restricted to fragment models, although preliminary results from a full-length model suggest similarities [26] . Also, complicating interpretation is the fact that the fragment length under study is variable, as are the CAG repeat number and level of transgene expression.
Evidence Supporting Intrinsic Vulnerability of MSNs in HD
Data in support of intrinsic, cell-autonomous vulnerability ("suicide") may be also derived from pan-neuronal and pancellular mouse HD models. These data may be catalogued according to the model or the pathogenic mechanism to be analyzed. Major hypothesized pathogenic mechanisms in HD include abnormal aggregation (inclusions) and clearance of polyQ-htt, bioenergetic deficits, neurotrophin deficiency, transcriptional dysregulation, disorders of axonal transport, and excitotoxicity. Regional models have not been adequately studied yet; therefore, we will also suggest future investigative directions. These data include:
1) Transcriptional dysregulation induced in MSNs by fulllength mutant htt or a fragment thereof (polyQ-htt) are to some extent exclusive to the MSN, even if the same transcripts are expressed outside the striatum (for more detail see Sugars and Rubinsztein [27] , Desplats et al. [28] ). For example, DARPP-32 is expressed in 97% of the MSNs, several cortical layers, and cerebellar Purkinje cells (PCs) [18, 29] . In the pan cellular R6/2 mice, however, its mRNA is down-regulated in MSNs to a greater degree than in the cortex [30] . In D9-N171-98Q mice, DARPP-32 is decreased only in the striatum, and not in PCs, where the transgene is also expressed. On the other hand, calbindin is decreased in PCs but not in the striatum [25] . 2) In several HD mouse models with ubiquitous transgene expression, inclusion formation and/or cell loss is preponderant in the striatum, and sometimes even MSN-subtype specific [31] [32] [33] . These data confirm that HD mouse models replicate the human pattern of neuronal disease. Relative to MSNs from nontransgenic or YAC18 mice, isolated MSNs from "knock-in" and YAC128 polyQ-htt mice demonstrate mitochondrial dysfunction, enhanced N-methyl-D-aspartate (NMDA) receptor signaling, and increased sensitivity to excitotoxicity [34] [35] [36] [37] . A caveat, however, is that it is unknown whether these isolated neurons have already been compromised in vivo. 3) In vivo, viral-mediated expression of polyQ-htt exclusively in the striatum results in reversible formation of inclusions, transcriptional dysregulation, and MSN death, while sparing interneurons [24, 38, 39] . Conversely, a decrease in striatal polyQ-htt expression mediated by viral siRNA largely corrects many of these deficits both in viral and transgenic HD models [40, 41] . 4) In vitro, expression of polyQ-htt in primary striatal neurons is more toxic than in primary cortical neurons, despite accumulation of aggregates in the cortical neurons [42] . 5) Emx1-cre-recombinase-mediated expression of Exon1-103Q htt (mixed CAA-CAG) in cortical projection neurons does not lead to striatal disease [15] , and Dlx5/6-crerecombinase-mediated expression of the same fragment in MSNs and a subset of cortical interneurons does not lead to a striatal motor phenotype. In the second model, MSNs develop inclusions and manifest neurophysiological abnormalities, but there is no cell death, and the mice do not develop motor abnormalities [16] . The level of transgene expression was not shown, but it was assumed to be at the same level as in the cortex of the ROSA-HD mouse crossed with Emx1-Cre. The authors concluded that MSN polyQ-htt expression is not sufficient to cause disease, but in fact, cell-autonomous abnormalities of the MSNs were demonstrated. 6) As previously noted, we used DARPP-32 genomic fragments (also known as D9) to direct expression to the MSNs and exclude other forebrain neurons [43] . These mice (D9-N171-98Q) develop MSN inclusions, progressive motor abnormalities, failure to gain weight after 12 months of age, striatal transcriptional abnormalities, decreased striatal mitochondrial complex II activity, and in aged animals, resistance to quinolinic acid-induced excitotoxicity [5, 44, 45] , discussed in detail as follows. Expression of the transgene in PCs in this model may contribute to the motor abnormality, but it does not contribute to the other strictly striatal abnormalities. In fact, major differences between the D9-N171-98Q mouse and the RosaHD-Dlx5/6-Cre mouse are PC expression in the D9-N171-98Q and cortical interneuron expression in the latter. Although the cerebellum is usually not a site of major neuropathology in HD, its involvement correlates with the length of the CAG repeat. Moreover, PCs are the primary site of neuropathology in the spinocerebellar ataxias, also caused by CAG repeat expansions. Expression of mutant spinocerebellar ataxia proteins in PCs can result in ataxia and PC degeneration. Microarray analysis of the cerebellum in a knock-in HD mouse reveals that the major alterations in mRNA levels between striatum and cerebellum are quantitative rather than qualitative [46] . Thus, it would be reasonable to determine the phenotype in mice with polyQ-Htt expression restricted to PCs.
7)
The expanded CAG repeat is unstable in somatic tissues in mouse HD models. This is particularly true if the mouse is created with a particularly long expansion (e.g., the R6 mouse [47] ). Somatic instability may be greater in striatum than in other brain regions and peripheral tissues, and may occur with different dynamics [48, 49] . In another polyglutamine expansion disease (SCA1) somatic instability does not account for selective vulnerability of PCs, but is also more prominent in the striatum [50] . In the D9-N171-98Q mouse, instability is also more pronounced in the striatum than in the cerebellum and tail (Brown and Ehrlich, unpublished data), implicating cell-autonomous mechanisms.
Evidence Suggesting MSN Vulnerability Secondary to Cortical Disease or Other Non-Cell-Autonomous Interactions
Evidence in favor of extrinsic vulnerability ("murder") includes:
1)
In human HD, a greater number of cortical neurons contain nuclear inclusions (NIs) relative to striatal neurons [51] , and are the first to develop inclusions in some mouse models of HD [52] . As will be discussed, however, inclusion formation and neuronal dysfunction do not always correlate. 2) A major hypothesis regarding the preferential vulnerability of MSNs in HD revolves around increased sensitivity to excitotoxicity, caused by abnormalities in corticostriatal glutamate connectivity [53] [54] [55] [56] [57] [58] . Vulnerability to excitotoxicity likely results from aberrations in both the presynaptic and post-synaptic compartments, and is therefore a result of cell-autonomous and non-cell-autonomous mechanisms. 3) Similar to preferential transcriptional dysregulation in MSNs, GAD67 expression is down-regulated in the cortex, but is normal in the striatum in R6/2 HD mice [59] . The authors concluded that these data point to the presence of non-cell-autonomous mechanisms. 4) Cortical brain-derived neurotrophic factor (BDNF) synthesis and its transport to the striatum are decreased in human HD and mouse models, likely due to impaired interaction of huntingtin associated protein-1 and p150 Glued required for BDNF transport [60, 61] . Moreover, correction of this deficit in mice improves HD-like abnormalities, whereas an engineered decrease in cortical BDNF exacerbates onset of phenotype in mice [62, 63] . The deficit in axonal transport includes mitochondria [64] . Finally, a point mutation in the dynein heavy chain leads to prominent striatal neurodegeneration, implying that MSNs are particularly sensitive to deficits in retrograde axonal transport [65] . Axonal transport has not been studied in regional HD models. 5) Astrocytes are responsible for the regulation of extracellular glutamate level and transport via the excitatory amino acid transporter 2. Glutamate uptake is abnormal in some mouse models of HD [66] and gliosis is a feature of human HD [3] and is observed in some HD mouse models. Transgenic mice with polyQ-htt restricted to glia as driven by the glial fibrillary acidic promoter, develop weight loss, motor abnormalities, and exhibit a shortened life span in the presence of decreased glutamate uptake [67] . When crossed with a primarily pan-neuronal transgenic model (prp-N171-82Q), the phenotype of the double transgenic is more severe than either single transgenic [68] . A caveat is that the glial fibrillary acidic promoter is not always glial-specific. Interestingly, gliosis does not develop in mice with expression of polyQ-htt restricted to MSNs in the forebrain [16, 25] . As MSNs may be more vulnerable to disorders of glutamate uptake than are other neurons, the next step would be to analyze the phenotype in mice with polyQ-htt expression restricted to striatal glia and MSNs. Perhaps, this could be achieved with a combination of viral and transgenic methodology. 6) In addition to astrocytes, a recent study suggests that a decrease in the mitochondrial regulator PGC1α in oligodendrocytes contributes to the dysmyelination that exists in HD mouse models [69] . Interest in the contribution of inflammation to HD pathology has fostered the study of microglia and their receptors [13, 70, 71] . Thus, microglial activation may predict an onset of symptoms, but similar to aggregates, the question is unresolved as to whether microglial activation is destructive or protective [72, 73] . To date, expression of polyQ-htt directed specifically to, or deleted from, microglia has not been studied. 7) Considerable effort has been expended to identify neurophysiologic abnormalities in MSNs secondary to polyQhtt toxicity, particularly as they may be related to other pathogenic mechanisms, including excitotoxicity, bioenergetics failure, and transcriptional dysregulation. Isolated MSNs from several HD mouse models have an increased response to the glutamate agonist, NMDA, and a reduced sensitivity to Mg2+. These abnormalities are reproduced in the RosaHD striatal Exon 1 model, implying a cellautonomous mechanism. The implication of these data is that HD MSNs are activated at more hyperpolarized potentials than normal MSNs, and are therefore more susceptible to injury [16, [74] [75] [76] . The presence of an increase in membrane input resistance may also contribute to increased activity, including both an increase in rate of firing (frequency) and burst activity. These abnormalities have also been verified in mouse HD models in vivo [77, 78] . Importantly, the abnormalities evolve as the mouse goes from pre-symptomatic to symptomatic. MSNs from pre-symptomatic mice display increased excitatory postsynaptic currents (EPSCs), whereas MSNs from symptomatic mice display decreased EPSCs [79] . Neurophysiologic abnormalities also exist in cortical neurons, although in the opposite direction as in MSNs. In "cortex only" mice, in which interneurons do not express polyQ-htt, projection neurons do not display abnormalities of inhibitory postsynaptic currents (IPSCs). The authors concluded that within the cortex, cell-cell interactions between interneurons and projection neurons are required for the electrophysiological changes to evolve, and that cell-autonomous alterations do not occur in cortical projection neurons expressing polyQ-htt [15] .
Similar neurophysiologic studies were performed in symptomatic D9-N171-98Q mice. The electrophysiological data did not show any decrease of EPSCs in the D9-N171-98Q mice suggesting that glutamate synaptic transmission is not altered in mice in which polyQ-htt expression is restricted to MSNs. IPSCs were not changed either, again in contrast to other studies showing an increase of GABA synaptic activity in several models of HD [79] . Thus, corticostriatal disconnection may not develop in symptomatic D9-N171-98Q mice. In contrast, D9-N171-98Q MSNs displayed increased input resistance and abnormal postsynaptic currents similar to pan-neuronal models of HD, suggesting that these are the changes that are cell autonomous [45] . As noted a major difference between the 2 striatal models is that the D9-N171-98Q mice do not express polyQ-htt in cortical interneurons, as do RosaHDDlx5/6-Cre mice. Thus, some of the MSN neurophysiologic alterations noted in the latter model may actually be non-cellautonomous.
Pathogenic Mechanisms: Autonomous or Non-Cell-Autonomous or Both?
As it is clear from the summary of evidence supporting autonomous and non-cell-autonomous pathology in HD, there are multiple hypotheses as to the etiology of the neurotoxicity in HD. Another approach to synthesize the disparate views is to analyze each mechanism. Not all have been studied in cortical or striatal models in vivo, so in this section we will focus on those that have been analyzed in regional models. It will rapidly become apparent that several of these mechanisms include both autonomous and non-autonomous contributions and potentiate each other.
Protein Aggregation, Cleavage, and Degradation
Huntingtin NIs were identified in the first mouse HD model [52] and in human postmortem tissue [80] . Inclusions were also identified in cytoplasm [81] . Subsequently, multiple cellular and in vivo regional models have demonstrated the cell-autonomous nature of inclusion formation [15, 25, 34, 35] . Mice develop a greater number of NIs than do human HD patients, and the extent of inclusion formation does not correlate with symptoms or with polyQ-htt toxicity in vitro [82, 83] . Inclusion formation occurs later and in smaller numbers in full-length mouse models (e.g., for detail see Hodgson et al. [84] ). Thus, the more rapid formation of NIs in fragment models may be due to the propensity to aggregation of N-terminal fragments [85] . In pan-neuronal and pan-cellular models, inclusions can form throughout the brain, but there may be preferential accumulation in striatal nuclei [86] . Aggregate accumulation does not occur in mice with phosphomimetic mutations of serines 13 and 16, in which disease symptoms are also abrogated [87] . The kinases and phosphatases modulating this phosphorylation have not been identified yet. Ser421 is also phosphorylated, and Metzler et al. [88] investigated its function using okadaic acid to inhibit protein phosphatases-1 (PP-1) and phosphatases2a. Dysregulation of these phosphatases correlates with a reduced level of DARPP-32 and thereby, phospho-DARPP-32. Phospho-DARPP-32 is an inhibitor of PP-1, so the result is increased activity of PP-1, and consequently, decreased phosphorylation of Ser421. This apparent discrepancy between phospho-and dephospho-states may perhaps be resolved via analysis of phenotype following selective up-and downregulation of DARPP-32 and kinases and their inhibitors in HD models. The phosphorylation state of DARPP-32 and its interacting kinases and phosphatases are regulated in response to neurotransmitters, including glutamate and dopamine [89] . Therefore, it is possible that changes in phosphorylation status are both cell-autonomous and non-cell-autonomous.
Regardless of how the aggregation is regulated, their contribution to toxicity remains highly controversial. Thus, the RosaHD-Dlx5/6-Cre mouse develops extensive striatal inclusions, but no motor phenotype [16] . Likewise the "short-stop" model develops diffuse inclusions, also in the absence of a motor phenotype, and even the authors were surprised at the lack of phenotypic similarity to other fragment models [90] . As previously noted, full-length mouse HD models develop a phenotype in the absence of NIs. The pathogenic mechanism most strongly linked to polyQ-htt nuclear aggregation is transcriptional dysregulation (see as follows), which has not been studied in either of these models. Such an analysis could serve to answer this outstanding question. Finally, the status of autophagy and the role of ubiquitin-proteasome system and the clearance of aggregated polyQ-htt is of great interest. As these processes have not been examined in any regional HD model to date, we will not discuss them further.
Transcriptional Dysregulation
Three primary mechanisms are proposed for transcriptional dysfunction in HD:
1) Direct interaction of polyQ-htt with transcription factors (TFs) in cytoplasm and nucleus and/or sequestration in NIs, thereby directly interfering with TF function and/or causing depletion of rate-limiting TFs [91] [92] [93] . 2) Repression of transcription secondary to histone hypoacetylation [20, [94] [95] [96] . 3) Direct decrease in cortical mRNAs, including Lin7b and anterogradely transported BDNF, leading to transneuronal striatal transcriptional dysregulation [60, 97, 98] .
Regarding the first mechanism, polyQ-htt protein interacts with multiple transcription factors, both nuclear and cytoplasmic, and most of which are not cell-specific. These include the adenosine 3′,5′-cyclic monophosphate (cAMP) response element-binding protein (CREB)-binding protein, Specificity protein 1, TATA binding box protein, Bcl11b, repressor element-1 transcription factor/neuron restrictive silencer factor, and widely expressed components of the basal polymerase II transcriptional machinery [94, [99] [100] [101] [102] [103] . DARPP-32 is the most widely used marker of mature MSNs, and is highly down-regulated in human HD and in the majority of mouse models [44] . In fact, however, DARPP-32 transcription is not regulated by any of the TFs implicated in HD to date, including CREB [104] . Overall, the genome-wide transcriptome changes induced by polyQ-htt cannot yet be ascribed to a particular transcription factor regulatory network. Part of the difficulty in identifying such a network in the MSN is that little is known about transcriptional regulation of the mature MSN phenotype. As regional-specific transcriptional regulation is highly complex, it is certainly possible that more ubiquitously expressed TFs are involved in a combinatorial fashion [105] . We are successfully using the "D9" striatal regulatory sequences to identify conserved sequences and enhancer marks, followed by biotin-strepavidin column chromatography and mass spectrometry to identify TFs regulating MSN-specific expression (Keilani and Ehrlich, in press).
Microarray has been widely applied to mouse and cellular models of HD. To elucidate the extent of cell-autonomous transcriptional alterations in HD, we performed genome-wide expression profiling of striatal tissue from D9-N171-98Q transgenic mice. We demonstrated a relatively high degree of overlap of changes in gene expression in D9-N171-98Q transgenic mice and 2 transgenic pan-cellular R6 models, human caudate, and Htt N171 fragment-expressing cultured striatal neurons [44] . Eighty-nine of the 90 top-ranked expression differences present in D9-N171-98Q, R6/2-Q150, and R6/2-Q300 that displayed perfect concordance in directionality. Collectively, these data provide strong evidence that intrinsic effects of polyQ-htt are sufficient to result in transcriptional alterations in several pathways relevant to HD pathology. Conversely, these data suggest that expression of polyQ-htt in the cortex is not required for most of the transcriptional dysregulation present in the striatum of mouse models of HD. This conclusion is consistent with that of Runne et al. [106] , who performed a similar analysis of mRNA expression in a cellular HD model. A caveat, however, is that the degree of down-regulation overall was less in D9-N171-98Q than in pan-neuronal models, suggesting that both mechanisms are instrumental in MSN transcriptional dysregulation. BDNF and TrkB levels are not altered in D9-N171-98Q mice, implying that a decrease in BDNF is not required for the majority of the observed changes in mRNA levels. The degree of dysregulation, however, may certainly be compounded by the decrease in BDNF noted in most pan-neuronal models, particularly because BDNF has been shown to directly regulate many of the same genes that are down-regulated in D9-N171-98Q [107, 108] .
In D9-N171-98Q mice, dysregulated striatal-enriched genes include prodynorphin (Pdyn), protein phosphatase 1, regulatory (inhibitor) subunit 1B (Ppp1r1b, also known as DARPP-32), A2a adenosine receptor (Adora2a), the dopamine D2 receptor (Drd2) and proenkephalin (Penk), all of which were validated by quantitative real time polymerase chain reaction (qPCR). These data are consistent with findings from human subjects with HD [109, 110] and other HD transgenic mouse and cell culture models [28, 111] , including a pan-neuronal mouse expressing a similar polyQ-htt fragment (N171-82Q) [112, 113] .
It is critically important to determine the cellular localization of expression of genes of interest, changes that may be pathogenic or protective. Whereas changes in gene expression in pan-neuronal models also included decreases in many striatal-enriched, interneuron-selective genes (e.g., Sst, Npy, Pvalb, Cck, and Nos1), parallel changes were absent from D9-N171-98Q striata, but with 1 exception. Thus, the gene expression changes in interneurons also appear to be cellautonomous, yet these neurons are mostly spared in HD. The exception is level of Pvalb, which is usually decreased; however, in the D9-N171-98Q model, Pvalb expression is increased. Striatal GABAergic-parvalbumin interneurons receive direct, convergent cortical input [114] and are highly sensitive to excitotoxicity, including late in the course of HD [115] . PGC1α mRNA is also paradoxically increased in D9-N171-98Q, and may be driving the Pvalb gene [116] . The recent identification of a phenotype in a "glial-only" polyQ-htt mouse calls attention to the fact that the NF-E2-related factor-2 (Nrf2)/antioxidant response element-mediated protective pathway is largely localized to astrocytes [117] . This pathway appears to protect neurons from oxidative stress in HD mouse models [118] , highlighting the importance of mRNA cellular localization in all HD mouse models. Notably, there is an absence of alterations in most dopamine pathway-related genes in the D9-N171-98Q mouse. Assuming these data correlate with the integrity of the nigrostriatal system, they could account for the less severe motor phenotype of the D9-N171-98Q mouse compared with the prp-N171-82Q model [25] . Our underlying assumption is that the changes noted in the D9-N171-98Q mouse striatum are cell autonomous, but can simultaneously be compensating for cell-intrinsic abnormalities [119, 120] . The converse is also true (i.e., compensatory pathways may serve to normalize primary transcriptional alterations). Likewise, in pan-neuronal models (e.g., R6/2), transcriptome alterations that may occur on a cell-autonomous basis may be "masked" by opposing, non-cell-autonomous effects of the mutation on the MSN, resulting in gene alterations that are unique to D9-N171-98Q transgenic mice.
Chromatin acetylation status has not been examined in regional HD models. Transcription factors act, in a large part, by binding to DNA, either directly or as part of a protein complex, followed by recruitment of histone-modifying enzymes that alter chromatin structure and may either induce or repress transcription. Some of the TFs with decreased activity in HD have intrinsic histone acetyltransferase activity (e.g., CREB-binding protein (CBP)). Histone deacetylases (HDACs) are hyperactive in HD, leading to hypoacetylation of histones [95, 121] . Because acetylation usually leads to activation of transcription, hypoacetylation leads to transcriptional repression. Specifically, histones H3/H4 acetylation and/or levels are repressed in HD [94, 122, 123] and HDAC inhibitors, including phenylbutyrate, sodium butyrate, trichostatin A, suberoylanilide hydroxamic acid, and HDACi4b, partially ameliorate polyglutamine toxicity in vitro and in vivo [94, [124] [125] [126] [127] . There is a progressive decrease in histone H3 acetylation associated with promoters down-regulated in HD (e.g., the D2 dopamine receptor promoter [123] ), but these sequences have not been demonstrated to contribute to striatal-specific expression. For example, the physiologic relevance of selective down-regulation of the DARPP-32 core promoter in striatal, relative to renal, extracts [128] must be cautiously interpreted as this region of the ppp1r1b gene does not direct expression to the striatum and may actually contain repressive elements [129] .
The pathogenic nature of only a few of the dysregulated transcripts has been investigated, and it remains possible that many of these alterations may be an epiphenomenon. Downregulation of the mitochondrial regulator PCG1α results in decreased levels of its targets. Crossing an HD mouse with a PGC1α-null mouse leads to a more severe HD phenotype, whereas increasing PGC1α in the striatum improves phenotype [130, 131] . Importantly, in the mouse model used in these studies, PGC1α was measured in neuronal subtypes, and was decreased in MSNs, but was increased in resistant iNOS interneurons. Overexpression of CBP can rescue HT22 cells polyglutamine toxicity [93] , but this has not been attempted in vivo. The decrease in DARPP-32 is hypothetically pathogenic, but it has also not been experimentally tested, as is true for all of the striatal-enriched mRNAs.
Mitochondrial/Energy Dysfunction
Before the creation of transgenic and knockin HD mouse models, chemical insults to the striatum served as useful disease models, and in fact, were the first examples of regional models. Early HD models that recapitulated prominent behavioral and neuropathological features of HD included intrastriatal injection of N-methyl-D-aspartate receptor (NMDAR) agonists (e.g., quinolinic acid [QA]) [76, [132] [133] [134] [135] , or an irreversible inhibitor of mitochondrial succinate dehydrogenase, 3-nitropropionic acid [136] . The selective degeneration of the striatum in both models directly contributed to the hypotheses that mitochondrial dysfunction and increased vulnerability to excitotoxicity are key pathophysiologic mechanisms contributing to MSN neurodegeneration in HD.
Mitochondrial dysfunction is present in HD patients and in a variety of HD cell and mouse models [45, [137] [138] [139] [140] [141] [142] . Although no complex I deficiency was found in the frontal and parietal cortices or the cerebellum of HD patient [143] , other clinical studies found down-regulated mRNA levels of 12 subunits of complex I in the brain [130] and decreased complex I activity in platelets and muscle tissues of HD patients [144, 145] . A significant reduction in complex II-III activity was identified in both HD caudate and putamen, and decreased complex IVactivity was also observed in HD putamen [143] . Recently, fission and fusion mitochondrial proteins were found to be abnormal in postmortem HD cortex and striatum and polyQ-htt oligomers were localized to the mitochondria, suggesting a cell-autonomous mechanism [146] .
The D9-N171-98Q model is the sole regional model in which mitochondrial function has been assayed in vivo [45] . Using a polarographic method, we found that complex I activities were not altered in the striatum of pre-symptomatic and symptomatic D9-N171-98Q mice relative to nontransgenic littermates. States 3 and 4 activities of complex II were significantly reduced in pre-symptomatic D9-N171-98Q mice compared to their age-matched controls. Not surprisingly, state 4 respiration of complex II was significantly reduced in old nontransgenic mice relative to their younger counterparts. Conversely and surprisingly, it was significantly enhanced in symptomatic D9-N171-98Q mice compared to their agematched controls. Increases in state 3 and carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone (FCCP)-induced maximum respiration were also present in symptomatic D9-N171-98Q mice compared to pre-symptomatic D9-N171-98Q mice. No alterations in complex IV activities were observed in any of the mice. ATP-synthase activities of complex V in symptomatic D9-N171-98Q mice were found to be as efficient as in age-matched controls. Thus, striatal-specific expression of polyQ-htt affected complex II activities of mitochondrial respiration in an age-dependent manner, but did not alter the activities of the other complexes. It is possible that the increased activity in the symptomatic mice is compensatory. Mitochondrial activity assays in R6/2 mice are also biphasic, but further studies are required.
Mitochondrial dysfunction may arise from intrinsic abnormalities of transcription (e.g., a decrease in PGC1α, Ca +2 overload, NMDAR dysfunction, and/or abnormal dopaminergic activity. In primary striatal cultures, dopamine regulates mitochondrial complex II catalytic activity and regulates vulnerability of polyQ-htt-expressing neurons to cell death [147] . As the D9-N171-98Q mouse does not express polyQ-htt in dopaminergic neurons, thereby further differentiating between etiology and impact of complex II abnormalities. Assay of mitochondrial function in a "cortical" model will enable us to distinguish between striatal and cortical contributions to mitochondrial dysfunction in HD.
Excitotoxicity
Intrastriatal injection of an NMDA agonist, particularly quinolinic acid, has served as a model of HD for almost 2 decades [132] . The vulnerability to excitotoxicity, and its origins, has been investigated in primary neurons derived from HD mouse models and 6 pan-cellular or pan-neuronal HD mouse models [148] . Pre-symptomatic YAC128 and R6/1 HD mice exhibit increased vulnerability to QA-induced excitotoxicity and enhanced NMDA responses; conversely, symptomatic, older mice became resistant to an excitotoxic insult [40, 76, 149] . The electrophysiological data in support of enhanced NMDAR activity in early HD has been discussed [40, 74, 150] . NMDA-mediated, and specifically NR2B-dependent, excitotoxicity exacerbates striatal neuronal degeneration in an NR2B-overexpressing HD mouse model [151] . NMDAR is linked to 2 opposing signaling pathways for either cell survival or death, depending on receptor localization. Mislocalization of NMDAR to the peri-and extra-synaptic membrane (non-postsynaptic density fraction) in pre-symptomatic YAC128 striatum leads to a loss of neuroprotection mechanisms and an increase in activity of cell death pathways [58, 152, 153] . In parallel, excitotoxicity triggered by overactivation of NR2B-containing NMDARs results in rapid dissociation of synaptic NMDARs from the postsynaptic scaffolding complex and downstream survival signaling [154] . Thus, 1 possible scenario is that excitotoxic damage occurs in striatal MSNs in the early stage of the disease by dysregulation of NMDAR-linked signaling pathways, which then leads to a cascade of age-dependent pathophysiological events. To examine the contribution of intrinsic, cellautonomous vulnerability of MSNs to excitotoxicity, we measured the number of degenerating neurons after injection of QA in the striatum of pre-symptomatic and symptomatic D9-N171-98Q transgenic mice [25] .
Fluoro Jade-C (FJ) positive neurons were counted after intrastriatal injection of 15 nmol QA in young (pre-symptomatic) and old (symptomatic) D9-N171-98Q mice and agematched controls. There was no difference in the number of degenerating neurons between young D9-N171-98Q and nontransgenics. Although there was a trend to a greater number of degenerating neurons in young D9-N171-98Q mice (p00.09), it was statistically weakened as we increased the number of animals in both groups. These data suggest that non-cellautonomous factors are responsible for much of the increased sensitivity to excitotoxicity observed at the pre-symptomatic stages in HD pan-cellular and pan-neuronal transgenic models [40, 76, 149] . Our data further imply that cell-autonomous abnormalities are sufficient to cause mitochondrial complex II dysfunction in the absence of a decrease in PGC1α, but that this decrease in complex II function in pre-symptomatic mice is insufficient to increase vulnerability to excitotoxicity.
Contrary to the pre-symptomatic assay and consistent with previous studies in rats and FVB mice [76, 155, 156] , both D9-N171-98Q and nontransgenic C57BL/6J mice show a dramatic age-dependent decrease in sensitivity to QA, exhibiting a 10-fold and 2-fold decrease in FJ-positive neurons, respectively, compared to their younger counterparts. Symptomatic D9-N171-98Q mice showed greater resistance to excitotoxicity relative to pre-symptomatic D9-N171-98Q mice (p00.0001) and also relative to age-matched nontransgenic mice (p00.027), similar to data from pan-cellular HD models [76, 149, 157] . These data imply that striatal-specific expression of polyQ-htt is sufficient to induce resistance to excitotoxicity at the symptomatic stage. The stage-dependent move to resistance to excitotoxicity in the YAC128 model is hypothesized to reflect a corticostriatal disconnection due to cumulative deficits in pre-and post-synaptic elements of glutamate transmission [76] ). Thus, going forward, it is critical to identify what mediates cell-autonomous resistance to excitotoxicity in the symptomatic D9-N171-98Q mouse to determine if it can be exploited to decrease sequelae of excitotoxicity in the presymptomatic mouse.
Excitotoxicity, Bioenergetics, and Transcriptional Dysregulation: Are They Related?
It would be particularly satisfying if the pathophysiological mechanisms in HD were intertwined to the extent that correction of 1 abnormality could mitigate more than one detrimental process. As previously discussed, a key connection between transcriptional dysregulation and mitochondrial dysfunction has been identified, initiated with the decreased transcription of PCG1α. The first step in the cascade is hypothesized to occur in the nucleus with decreased expression of PGC1α. This decrease leads to disrupted mitochondrial biogenesis and function, primarily manifested in complex II, and decreased ability to defend against oxidative injury, ultimately leading to vulnerability to excitotoxicity. Mitochondrial release of pro-apoptotic caspases and calcium homeostasis can also be impacted, leading to further vulnerability to oxidative stress (for more detail see Giacomello et al. [158] ). Long before it was known that PGC1α is down-regulated in HD, Beal et al. [159] observed that decortication or an NMDAR antagonist ameliorates the striatal lesion induced by malonate, a reversible inhibitor of succinate dehydrogenase. Another interesting observation is that mitochondrial calcium homeostasis, similar to transcriptional dysregulation, can be improved by HDAC inhibitors, which alter both cytoplasmic and nuclear HDAC activity [160] .
Striatal vulnerability to excitotoxicity is hypothesized to arise from an increased in extra-synaptic NMDAR (Ex-NMDAR) relative to synaptic NMDAR [161] . Potential mediators include decreased synaptic NMDAR interactions with scaffolding proteins, e.g., membrane-associated guanylate kinases (MAGUKs), or enhanced protein tyrosine phosphatase activation, which dephosphorylates and destabilizes synaptic NMDARs. Increased extrasynaptic Glu-NR2B-PSD-95 binding or protein post-translational modifications may facilitate enhanced Ex-NMDAR stability. Elevated Ex-NMDAR activation facilitates activation of apoptotic signaling and decreased activation of cell survival pathways, such as those involving the pro-survival transcription factor CREB. Increased Ex-NMDAR signaling also facilitates decreased formation of neuroprotective polyQ-htt inclusion bodies, neuronal dysfunction and progressive neurodegeneration [58, 153] .
Studies in the D9-N171-98Q mouse may help determine whether the aberrant synaptic localization of NMDAR in HD is regulated in a cell-autonomous manner. Isolated striatal neurons from YAC128 mice are more vulnerable to excitotoxicity in vitro than nontransgenic striatal neurons [40] . Extrapolating, those data would predict that presymptomatic D9-N171-98Q mice should be hypersensitive to excitotoxicity. This discrepancy could be explained if similar in vitro experiments were performed with isolated MSNs from the D9-N171-98Q mouse and from a full-length "striatal only" model, and with the analysis of NMDAR subcellular localization in D9-N171-98Q striata.
Dopamine, Glutamate, and Excitotoxicity
Glutamatergic and dopaminergic afferents modulate each other's activity while converging on MSN dendritic spines, and GABA release from the MSNs further impacts both glutamate and dopamine release [162, 163] . Reciprocal interactions between dopamine and glutamate occur in other forebrain regions compromised in HD, particularly the prefrontal cortex. There is a growing consensus that abnormalities of the nigrostriatal dopamine (DA) pathway contribute to striatal dysfunction and neuronal death in HD, although controversy remains as to whether D1 and D2 receptor transmission equally contribute [164, 165] . Studies in wild-type and polyQ-htt striatal neurons demonstrate that dopamine potentiates glutamate excitotoxicity [164, 166] , which could be mediated by the regulation of glutamate receptor cell surface localization by dopamine [167] . Dopamine (DA) also potentiates glutamateinduced calcium signaling in MSNs, potentially further impacting vulnerability to excitotoxicity [164] , particularly in the presence of mitochondrial dysfunction. Finally, dopamine D1 receptor agonists are able to induce TrkB phosphorylation and its downstream signal transduction pathways [168] . Thus, the vulnerability to excitotoxicity in the D9-N171-98Q line may be decreased relative to pan-neuronal lines because polyQ-htt is not expressed in dopaminergic neurons.
BDNF Deficit
The cortex is the source of 80 to 90 % plus of the BDNF in the striatum, to where it is anterogradely transported. Anterograde transport of BDNF was first demonstrated by decortication in the adult followed by loss of BDNF protein in the striatum. Striatal cell loss was not evident in these animals, but they were examined at relatively brief times after decortication. MSNs express high levels of TrkB, the major receptor for BDNF [62, [169] [170] [171] [172] . Transcriptional dysregulation in human HD patients and mouse HD models includes down-regulation of BDNF in the corticostriatal projection neurons [17, 60, 61, 173] , and down-regulation of striatal TrkB [174, 175] . The decrease of BDNF may represent a loss of normal htt function, as wtHtt augments transcription of the BDNF gene [60] . The amount of BDNF reaching the striatum is further reduced secondary to axonal transport deficits [61] . We, along with others, have demonstrated the important role for BDNF in the maturation of the MSN, and there is also a requirement for BDNF in the maintenance of adult striatum. Contrary to what is frequently written, MSNs probably do not require BDNF for survival [107, 108] . In the study by Baquet et al. [176] , in which cortical BDNF is prenatally knocked-out, volume loss is complete by P35, but striatal neuron loss does not occur until after 12 months of age. More recently, Rauskolb et al. [177] used a conditional forebrain BDNF deletion to demonstrate that the main effect was on dendritic and spine growth, and not survival. In addition, we have demonstrated that BDNF developmentally regulates transcription of several of the molecules down-regulated in HD, including DARPP-32 [107, 108] . Moreover, as previously noted, the microarray profile of conditional cortical BDNF-knockout mice resembles the human HD profile more than some HD mouse models [97] . This latter study used Emx1-Cre to conditionally delete BDNF in the cortex, and recombination occurs as early as embryonic day 11, long before BDNF is down-regulated in HD. Regulation of transcription by BDNF requires signal transduction systems altered in HD (e.g., phosphatidylinositol-3-kinase and cdk5) [43, 178] . Increased BDNF, either by intraventricular injection or prenatal transgenic overexpression, ameliorates the severity of the phenotype in R6 and YAC128 mice, whereas crossing with BDNF heterozygote-null mice exacerbates the phenotype [62, 63, 179] .
In the D9-N171-98Q mouse, levels of cortical BDNF mRNA and striatal TrkB mRNA are equal to nontransgenic littermates, and absence of polyQ-htt in cortical neurons precludes its interference with BDNF transport [25] . Nevertheless, decreased BDNF is almost certainly directly detrimental and has been hypothesized to increase vulnerability of HD MSNs to other insults (e.g., excitotoxicity) [60, 62] . Thus, similar to the presence of an intact nigrostriatal dopamine system, the presence of normal BDNF and TrkB levels may mitigate the D9-N171-98Q phenotype.
How Might Abnormal BDNF/TrkB Neurotransmission Intersect with Other Pathogenic Mechanisms in HD?
Far more attention has been given to the role of BDNF in HD, than to its major striatal receptor, TrkB. MSNs in both the direct and indirect pathways express TrkB, and interneurons express even higher levels of TrkB [180] . There are 3 systems in which BDNF/TrkB neurotransmission has been linked to excitotoxicity. These include cortical neurons in vitro, motor neurons in vitro, and HD R6/1 mice on a BDNF heterozygous-null background in vivo. In all 3, TrkB activation increases sensitivity to excitotoxic insults: 1) NMDA toxicity is increased in cortical neurons cultured in the presence of BDNF [181] . 2) Motor neurons cultured in BDNF are also more sensitive to excitotoxicity. This process requires transcription and translation, and can be inhibited by blocking activation of TrkB [182] [183] [184] . The effects of TrkB antagonism on rescue from excitotoxicity are attributed to inhibition of downstream signaling cascades from Src-family kinases, mitogen-activated protein kinase, and particularly phosphatidylinositol-3-kinase. The latter 2 pathways are strongly activated in striatal neurons following treatment with BDNF [104] and are likely protective in HD. Also relevant to HD, adenosine A2a receptors transactivate TrkB, and their blockade reduces sensitivity to excitotoxicity in several models, which thereby also implicate TrkB activation [184] [185] [186] . 3) R6/1;BDNF +/-mice have 50 % of the normal BDNF level, and are resistant to QA injection relative to R6/1;BDNF +/+ mice, at the pre-symptomatic stage [187, 188] . The resistance was ascribed to decreased expression of NMDAR scaffolding proteins and a reduced level of αCaMKII and calcineurin. Thus, the BDNF/TrkB system may exacerbate vulnerability to excitotoxicity in the pre-symptomatic stage, while protecting from other insults. Therefore, it is possible that some of the inconsistencies in the excitotoxicity hypothesis may be dependent on the status of the BDNF/TrkB system at the time of testing, as well as the age of the mouse [157] . Vulnerability to excitotoxicity has not been examined in pre-symptomatic HD mice with overexpression of BDNF, and conversely, has not been assayed in pre-or post-symptomatic HD mice with either over-or under-expression of striatal TrkB. These studies would be most informative if performed in pan-neuronal and regional models.
Conclusion
There has been enormous progress in the identification of pathophysiological mechanisms in HD, and it is now recognized that multiple neuronal subtypes and non-neuronal cells contribute to disease. At this time, it appears that polyQ-htt in neither the cortex nor the striatum is sufficient alone to cause a severe mouse HD phenotype, and that interaction with each other and non-neuronal cells further complicate the development of disease. Several in vitro and in vivo models provide evidence for "striatal-only" pathophysiology, but further study of the available models and the development of additional cell-selective and regional-selective models, with different combinations, is required to determine if regionalspecific therapy will be efficacious. Within each region, it will be critical to determine the temporal relationship between pathways and disease stage to efficiently time the delivery of targeted therapeutics.
